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In recent years, extensive interest has been attracted to the development of bulk metallic glasses ͑BMGs͒ due to the fact that BMGs possess excellent mechanical properties, useful physical properties, and unique chemical properties, as well as great potential for structural and functional applications. [1] [2] [3] [4] However, the apparent macroscopic brittleness severely impedes further exploitation of this class of advanced materials. 3, 4 At high stresses and low temperatures far below glass transition temperature, BMGs usually exhibit inhomogeneous deformation, which is highly localized into narrow shear bands, followed by the rapid propagation of these shear bands across the sample and subsequently premature catastrophic fracture. 3, 4 These features arise an urgent question: how to improve the plasticity of the metallic glasses? [5] [6] [7] [8] Thin metal films on a micrometer scale are known to have remarkably reduced brittle fracture probability due to their smaller sizes compared to their bulk counterparts. 9 This trend results from the confinement effects on dislocation motion in crystalline materials. 9 Do metallic glasses exhibit the deformation behaviors akin to those of crystalline solids? Recently, Conner et al. 10 have found that metallic glasses in the form of thin ribbons process considerable bending ductility without failure, but the same materials with thicker sizes fail catastrophically, suggesting a strong size effect on the bending ductility of metallic glasses. In this letter, we report our finding that the smaller sized Ti-based BMG exhibits a remarkably enhanced compressive plasticity compared to the larger alloy with the same composition.
An alloy of the nominal composition Ti 40 Zr 25 Ni 3 Cu 12 Be 20 ͑at. %͒ was used in the present study due to its excellent glass-forming ability. 8 The alloy ingots were prepared by arc melting of the pure elements with a purity of 99.9% or better under a Ti-gettered argon atmosphere. Rapidly solidified ribbon specimens were prepared by remelting the alloy ingots, and then ejecting onto a Cu wheel rotating with a surface velocity of 40 m / s. The resulting ribbons have a thickness of about 40 m and a width of about 2 mm. BMG specimens were prepared by drop casting into a Cu mold and the obtained cylindrical specimens have diameters up to 6 mm. The glassy nature of as-prepared alloy rods was examined by using x-ray diffraction ͑XRD͒. In order to evaluate the mechanical properties under compression, cylindrical specimens with a 2:1 aspect ratio were prepared and tested in an Instron 5500 mechanical instrument under quasistatic loading at an initial strain rate of 4 ϫ 10 −4 s −1 at room temperature. After compression, the fracture surfaces were investigated using scanning electron microscopy ͑SEM͒. The thermal analysis was performed using differential scanning calorimetry ͑DSC͒ with a heating rate of 20 K min −1 in a flow of purified argon gas. Figure 1 presents the compression nominal stress-strain curves tested at room temperature for the glassy alloy with different diameters. The compressive properties of the alloy rods with different diameters, including the yield strength, the maximum fracture strength, and the plastic strain, are listed in Table I . For each alloy rod, the stress-strain relation is linear up to about 1.8% elastic strain, followed by yielding and plastic deformation. However, the plastic strain is significantly different for the alloy with different sizes. With decreasing sample diameter, the plastic strain prior to failure increases monotonically, suggesting a "smaller is softer" trend of the amorphous metal. This indicates that the sample size plays a crucial role in achieving the plasticity of metallic glassy materials. The inset in Fig. 1 the rods consist of only one broad diffraction peak without any sharp Bragg peaks, indicative of an amorphous structure in these alloy samples.
During compression loading, BMG samples normally fail in a pure shear mode. 11 For the alloy of this study, all the shear fracture angles of the glassy samples with different diameters are smaller than 45°, as depicted in Figs. 2͑a͒ and 2͑d͒. Meanwhile, the shear fracture angle slightly increases from 39. 5°to 44°, accompanied by an increase in plasticity when the sample diameter decreases from 6 to 1 mm. The variation in shear fracture angles can be explained by a rotation mechanism of the primary shear bands due to a high compressive plasticity. 12 Based on the fact that the volume of the sample and the length of the primary shear band remain nearly unchanged before and after deformation, Zhang et al. 12 established the relationship among the primary shear band angle c 0 , the compressive shear fracture angle c F , and the plastic strain p , i.e., sin͑ c Table I , all c 0 for the three samples with respect to the stress axis are quite close to ϳ40°, indicating that the deformation mechanism of the studied Ti-based glassy metal with different sizes follows the Mohr-Coulomb criterion. Considering that the plastic deformation achieved by bulk amorphous metals is confined at narrow region near shear bands, 13, 14 these specimens with different plasticities should differ in both densities and shape of the shear bands. Figures 2͑b͒ and 2͑e͒ present the SEM images of shear bands on the deformed samples. In the case of 1 mm sample, dense, multiple shear bands are visible near the fracture surface. Careful observation indicates that the shear bands have a pronounced tendency to branch when they propagate through the specimen ͓Fig. 2͑b͔͒. Moreover, some shear band paths are highly curved. In contrast, only sparse, scattered shear bands can be seen on the side surface of the 6 mm glassy sample. It can be clearly seen that the number of visible shear bands present on the 6 mm specimen is remarkably lower than that observed for the 1 mm sample. Furthermore, we can see that the average spacings of primary shear bands increase significantly with increasing the sample size and thus representing the decreasing plastic strain, as seen in Fig. 2 and Table I . It can also be evident that there appear a lot of parallel wrinkled lines on the side surface of the 1 mm sample after compression test ͓as marked by arrows in the inset of Fig. 2͑b͔͒ . In the case of some ductile crystalline metals, the sample surface becomes wrinkled due to local, large plastic deformation upon loading. 15, 16 The presence of crinkly patterns indicates that the smaller glassy sample possesses outstanding formability. Figures 2͑c͒ and  2͑f͒ show the fracture surfaces of the glassy samples, both revealing typical veinlike patterns, indicating a local viscous flow during the fracture process. Molten droplets are also visible over the fractured surfaces, which illustrate the occurrence of local melting. 17 It is worthy to notice that the fractured surface of the 1 mm sample shows the more developed, smaller sized vein patterns than those of the 6 mm alloy, obviously reflecting enhanced plasticity of the smaller sample.
The DSC curves of the glassy samples with diameters of 1 and 6 mm are shown in Fig. 3 . For the sake of comparison, the DSC trace of the ribbon sample is also presented. All the samples exhibit one endothermic event, characteristic of glass transition, followed by a couple of exothermic reactions associated with crystallization of the supercooled liquid. However, the sum of the crystallization enthalpy ͚⌬H decreases from 62.2 to 57.3 J / g as the sample dimension increases from 40 m ribbon to 6 mm rod. This trend is mainly due to the structural difference between the differently sized samples. Compared with the smaller sample, the larger sample with the same composition contains a larger degree of short-range ordering or medium-range ordering or even nanocrystals, which exert a strong influence on the mechanical properties of the metallic glass. It is most often considered that the plastic flow of metallic glasses is associated with the free volume.
14 As proposed by Cohen and Turnbull, 18, 19 during cooling of a glassforming material from the liquid state or from above the glass-transition temperature T g , some excess quenched-in free volume as a structural defect is trapped into the glassy state, the quantity of which is, in fact, determined by the cooling rate. A slower cooling rate means that more atoms have time to move to their local ordered equilibrium positions, thereby a more ordered packing atomic structure forms during cooling from the melt and, in turn, the obtained glassy sample possesses a smaller amount of free volume. 20 Based on a simple relationship between the typical dimension of the glassy alloy and the cooling rate suggested by Lin and Johnson, 21 the cooling rates for the glassy rods with diameters of 1, 3, and 6 mm are roughly estimated to be about 4000, 444, and 111 K / s, respectively. As a result, the amount of the free volume per atomic volume for the samples with a diameter from 1 to 6 mm becomes smaller and smaller. It is currently not possible to make quantitative statements about the amount of atomic-scale free volume in noncrystalline systems. 20 Numerous attempts have been made to use DSC to characterize free volume changes, which are closely related to structural relaxation in amorphous solids. [22] [23] [24] In a DSC thermogram, the exothermic reaction seen just below the glass transition is the result of the annihilation of free volume and structural relaxation. Slipenyuk and Eckert 24 noted that the change in free volume is proportional to the heat released during relaxation, that is,
where ␤Ј is a constant, ͑⌬H͒ fv is the change in enthalpy, and ⌬ f the change of free volume per atomic volume. Therefore, a semiquantitative difference in free volume between the 1 and 6 mm glassy rods may be obtained by using Eq. ͑1͒. Here, we assume the value of free volume per atomic volume for the ribbon sample to be a 0 in this work. The ⌬H 0 associated with the exothermic peak was calculated by integrating the heat flow near the glass transition range ͑405-615 K͒. By substituting the values of ⌬H 0 ͑see Table  II and the inset of Fig. 3͒ into Eq. ͑1͒, the values of free volume per atomic volume for 1 and 6 mm samples are roughly estimated to be 0.51a 0 and 0.37a 0 , respectively, suggesting that the larger glassy sample contains less free volume per atomic volume than the smaller one.
As aforementioned, the plastic deformation of metallic glasses is commonly interpreted in terms of flow defects, i.e., free volume. 13, 14 Even a tiny change in the free volume could induce a dramatic effect on flow behavior. 25 The sites with a higher amount of free volume are expected to have lower strength and are susceptive to the loading stress. These sites are considered as preexisting weakened regions. 26 The differences in elastic properties between these regions and the surroundings may introduce stress concentrations during plastic deformation, favoring the initial nucleation of shear bands. 27 For the glassy alloy with the same composition, the smaller the sample size, the larger the number of the shear bands and the better the plasticity of the amorphous metals.
In summary, we have demonstrated that, for a Ti-based BMG alloy, the as-cast sample with a smaller size exhibits a larger plasticity upon compression, revealing a "smaller is softer" nature for metallic glasses with a given glass-forming ability. Our finding may have implications for better understanding the plastic deformation capability of bulk metallic glasses and thus exploring their feasible applications in some small-scale components and devices, such as microelectromechanical systems.
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